A theoretical investigation of the 
I. INTRODUCTION
The hydroperoxyl radical, HO 2 , is of crucial importance in the chemistry of the Earth's atmosphere. 1 It is a key oxidizer, capable of reacting with volatile organic compounds and efficiently convert NO to NO 2 while regenerating OH. Refs. 12, 13 and references therein).
The A− X electronic band system of HO 2 in the gas phase was studied experimentally in 1974, both in emission and absorption, 14, 15 and it was realized that forbidden ∆K a = 0 transitions are present. Tuckett et al. 16 suggested that these transitions result from Renner interaction. Several spectroscopic studies followed. [16] [17] [18] [19] [20] [21] [22] Fairly recently, Fink and Ramsay
22
carried out a high-resolution re-investigation of the X/ A(v 1 , v 2 , v 3 ) = A(0, 0, 0) → X(0, 0, 0) band. They also observed forbidden ∆K a = 0 transitions and concluded that these are magnetic dipole transitions. The electric dipole transition moment for the electronic transition was found to be very small.
To confirm the analysis by Fink and Ramsay, 22 Osmann et al. 23 calculated ab initio the potential energy, transition electric dipole and transition magnetic dipole surfaces of the 
28
In another recent experimental study 29 
32-34
To the best of our knowledge, the first theoretical investigation of the double Renner in particular in the region near the tops of the potential energy barriers separating the two equivalent minima in the two electronic states. In this manner, we obtain more accurate rovibronic energies and a deeper insight into the effects of Renner degeneracy combined with tunneling between two equivalent minima on the two potential energy surfaces involved.
We have calculated three-dimensional potential energy surfaces for the X correlations, based on the two-state (i.e., one A and one A state) averaged, no-core, full- 
II. THEORY
The theoretical model used in the present work is described in detail in Ref. 33 
Here, E is the identity operation, (12) is the transposition 12 (interchange) of the two O nuclei (which we label 1 and 2 as shown in Fig. 1 
Thus, vibrational basis functions for HO 2 can have A 1 or B 2 symmetry in C 2v (M). Functions with A 1 symmetry satisfy ψ vib (r, R, π − τ ) = ψ vib (r, R, τ ), and functions with B 2 symmetry satisfy ψ vib (r, R, π − τ ) = −ψ vib (r, R, τ ).
III. POTENTIAL ENERGY SURFACES

A. Ab initio calculations
We have used the MOLPRO 36 suite of quantum chemistry programs for carrying out ab initio calculations to determine the potential energy surfaces (PESs) for the X Table I . 
B. Analytical potential energy surfaces
We now fit analytical, parameterized representations of the potential energy functions of
A HO 2 through the calculated ab initio points; the optimized parameter values are used as input for the DR program. From the analytical potential energy functions, the DR program can generate the electronic energies at any nuclear geometry; this is required for carrying out the numerical integrations producing the matrix elements ofĤ DR . We choose the following analytical functions to represent the potential energy surfaces:
where
In these expressions, σ denotes the electronic state with σ = − and + for the X 
The values of the parameters f r,σ i and f
R,σ i
were determined by fitting the analytical functions in Eq. (7) through the values of R and r determined along the MEP as τ is varied. That is, for a given value of τ , (r σ e , R σ e , τ ) defines the geometry of the local potential energy minimum for the electronic state σ.
Since we are expanding the PESs in terms of the variable ξ τ in Eq. (6), we trivially have for the corresponding high-order expansion coefficients F σ ijk , we would require an extremely extensive set of ab initio points which, with the computer resources available to us, we cannot calculate in practice. Consequently, in accordance with our strategy for selecting the nuclear geometries for the ab initio points, we have chosen a fitting strategy which favours the regions of configuration space near the minima and near the MEPs while still producing physically sound PESs of an acceptable accuracy in other regions. In particular, we give lower weights to ab initio points at high energy since the accuracy of the ab initio calculation at such points, where the molecule is strongly displaced from its equilibrium geometry, is known to be less than that of points near the minima.
According to our fitting strategy, the ab initio points available for each of the two electronic states are divided into two subsets. The first subset contains all points with energies below a chosen value, E σ max say, measured relative to the energy of the global minimum, and the points in the immediate vicinity of the MEP. The second subset consists of the remaining data points. Thus, the points in the first subset define the PES in the regions of configuration space sampled by the wavefunctions of the states that have been characterized experimentally. By adjusting the weights of the points in the second subset of data, and the value of E σ max , we can achieve a satisfactory reproduction of the energy values of the first subset while -since the points in the second subset are not discarded -we obtain PESs with physically correct shapes also in the regions of configuration space corresponding to the second subset. Owing to the fact that we are describing with good accuracy the regions of the MEPs, we expect satsfactory results for highly excited bending states and, therefore, (7); these parameter values were obtained by fitting to the ab initio data as described in the preceding section. Laguerre integration over the R and r coordinates were 15 and 35, respectively. The spinorbit interaction constant for HO 2 was set to −160.1 cm −1 (Ref. 27). The threshold limit energy constant for K-block contraction, 32-34 E cont , is taken to be 18000 cm −1 . All program parameters were adjusted to get the best fit to the ab initio PESs and MEPs and, at the same time, to achieve satisfactory convergence for the computed rovibronic energy values.
B. Results
The calculated rovibronic energy levels with N KaKc = 0 00 (and J = 1/2) are listed in Table III .
Following Refs. 32-34, we analyze the wavefunctions of selected states by calculating probability distributions f 1 (τ ) and f 2 (r, τ ). The probability density function f 1 (τ ) [Eq. (37) of Ref. 33 ] is defined such that the differential probability dp 1 of finding the molecule with the bending coordinate in the infinitesimal interval between τ and τ + dτ is given as
This function can be expressed as
A ) state, is the differential probability of finding the molecule in the Born-Oppenheimer electronic state ψ The over-all probability of finding the molecule in the Born-Oppenheimer electronic state
with P − + P + = 1.
The probability density function f 2 (r, τ ) is given by Eq. (41) of Ref. 33 . It is defined such that dp 2 = f 2 (r, τ ) dr dτ (11) is the differential probability of finding the molecule with the bending coordinate in the infinitesimal interval between τ and τ + dτ and the M-H distance (Fig. 1) in the interval between r and r + dr.
In the set of calculated rovibronic energy levels for HO 2 we can readily identify pairs of states resulting from H-O-O ↔ O-O-H tunneling. In Table III Table III ) is shown in Fig. 3(a) . As expected, in this state (which originates completely in the X 2 A electronic state) the probability density is localized near the two equilibrium geometries of the X 2 A state, the one version having (r eq , R eq , τ eq ) = (1.3065Å, 1.3311Å,
45.9703
• ) and the other version having the same values of R eq and r eq but τ A -state equilibrium geometry has (r eq , R eq , τ eq ) (1.3047Å, 1.3986Å, 46.5443 • ). Fig. 3 . As the energy increases the tunnelling splittings also increase. The lowest state, for which ∆ = 0 when given with two decimal places, is the bending state X(0, 4, 0) with P + = 0, marked (b) in Table III . The probability density function of this state is shown in Fig. 3(b) .
Even though this state has a noticeable splitting, it has zero probability density Fig. 3(d) has an appreciable, non-zero probability density at the T-shaped geometry with τ = 90
• . Hence, in this state, and states at higher energy with high bending excitation, the molecule can convert rather freely between its two versions.
With the DR program, we have calculated, and can calculate, thousands of rovibronic energies and it is clearly impractical to list them here. In Fig. 4 Table III .
suffer a first-order Renner interaction will have P + ≈ P − ≈ 0.5, while there will be 'unique' levels, which have no near-by partner level to interact with, that will have P + ≈ 0 or P + ≈ 1. Thus, for a 'linear-linear' Renner molecule, we expect three vertical 'stripes' of levels with P + ≈ 0, 0.5, and 1, respectively. Figure 4 shows that for HO 2 , the situation is very different from the linear-linear case. For this bent-bent molecule, the Renner interactions are rather accidental and, in the region above 9000 cm −1 where the density of X The xyz axis system has origin in the nuclear center of mass. The z axis is parallel to the O-O bond, and the x axis points into the plane of the page so that the xyz axis system is right-handed. Table III . 
